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transport from the corn phase of three
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ABSTRACT: Soils that naturally have a significant runoff component because of low
permeability, such as claypans or steep slopes, are especially susceptible to herbicide losses in
runeff. For these soils, seasonal losses as impacted by management practices are not well
quantified. The objectives of this study were to evaluate the effect of three cropping systems on
herbicide loss in surface runoff and develop a model that calculates herbicide concentration.
Cropping System 1 (C51) was a mulch tillage corn-soybean rotation system with herbicides
surface applied then incarporated. Cropping System 2 {C52) was a no-till corn-soybean rotation
system with herbicides surface applied and not incorporated. Cropping System 5 {(55) was a
no-till corn-soybean-wheat rotation system with split herbicide application in 1997 and 1599 and
no incorparation. The study was conducted an 0.37 ha (0.92 ac) plots equipped with lumeas and
automated samplers. During each runoff event, runoff volumes were measured, and water
samples were collected at equal flow increments and analyzed for atrazine [2-chloro-4-
ethylamino-6-isopropylamino-s-triazine] and metolachior [2-chioro-N-(2-ethyl-6-methylphenyl)-
N-(2-methoxy-1-methylethy/acetamide]. Averaged over years, atrazine and metolachlor losses
from (52 were 2.2 and 1.6 times those from CS1, respectively. Atrazine loss to surface runoff
from €51, CS2, and CS5 accounted for 1.6, 2.5, and 5.7% of the total atrazine applied,
respectively. Metolachlor loss to surface runoff accounted for 1.8, 2.0, and 2.0% of the total
applied for the three cropping systems. Herbicide concentrations were extremely high in the
first runoff event measured after application, particularly when it occurred within a few days
after application. A generalized model was developed to account for the effects of time after
application, runoff volume, and application rate on herbicide concentration in runoff. Overall,
the study showed that accounting for incorpaoration, split application, runoff volume, and timing
of runoff events relative to the day of application can increase the confidence in calculations of
the amount of herbicide transported to surface runoff.
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Herbicide use for weed control generally :o herbicide application, and the runoff

results in increased yield; however, its
effect on surface and ground water quality
is @ major concern, In the Midwest, the loss
of herbicides and nutrients to surface water
Is a more serious problem than wansport
to ground water (Thurman ec a., 1992
Burkharr and Koplin, 1993; Lerch et al., 1998;
Blanchard and Donald, 1997). Herbicide
transport in surface runofl can be influenced
by several factors including tillage type,
residue management, incorporagon, rate of
application, timing; of the runoff event relative
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potental of soils.

Tiilage systems such as no-ull and chisel
tllage methods can substantially reduce soil
losses compared to conventional systems
(Sicmens and Oschwald, 1976; Laflen et al.,
1978; Johnson and Moldenhaucr, 19795
MeGregor and  Greer, 1982). However,
investigations on the influence of tillage on
runoff were not consiscent. Most studies have
shown that tllage svsterns that leave residue
on the soil surface reduce surface runoff (e.g.

Laflen et al., 1978; Larson et al., 1978; Johnson

and Moldenhauer, 197% Langdale et al.,
1979; McGregor and Greer, 1982). It could
be expected that reduced runoff would have
correspondingly reduced herbicide transport.
For instance, Baker and Johnson (1979)
reported that conservation dllage {no-tll and
chisel) decrcased herbicide losses because of
the reduction in runoff and soil losses com-
pared to conventonal rillage. In contrast,
other studies have indicated that surface
residue docs not always reduce runoft, parte-
ularly in no-till systems (Mannering et al,
1975; Siemen and Oschwald, 1976;
Lindstrotnt et al., 1981; Ghidey and Alberts,
1998). Therefore, in soime ¢ascs, conservation
tillage that leaves residue on the soil surface
might increase herbicide loss to surface
runoff, Furthermore, residues intercepr her-
bicides applicd on the surfice, which could
easily be washed off and ransported in runoff
{(Martin et al., 1978; Kenimer et al., 1987).

Extraction and transport of chemicals to
surface runoff during a rainfall event occur
from the upper 2 cm (0.8 in) layer of the
soil (Donigan et al,, 1977; Frere er al,, 1980;
Ahuja ard Lehman, 1983). Therefore, incor-
poration below this muxing zone could
sigmificantly reduce herbicide loss to surdace
runoff, Hall et al. {1983) reported that
armzine runoff losses during the growing
season under naturl rinfal] were reduced by
74 percent by incorporation into the surface
5 cm (2in). Inahiterature review of pesticide
transport in surface runoff, Capel er al. (2001)
tound that herbicides applied o the soil
surface had higher relative losses than soil-
incorporated herbicides. They suggested that
incorporation of herbicides Is the simplest
and most effecuve means of reducing herbi-
¢cide trarsport in sutface Tunofll

Rate of applicanon also affects herbicide
loss to runoff. Reducing herbicide applica-
tion rate reduces herbicide transport to runoff
{Hall et al., 1972; Baker and Mickelson,
1994: Hansen et al, 2001). Hall et al. (1972}
reported that runoff of atmzine with sediment
and wuater under natural rainfall was nearly
direedy proportional to the amount applied.
To reduce the vulnerability of herbicides to
surface runoff after a large application, split
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applications of herbicide have been used.

Reegardless of herbicide application rate or
application method, herbicide concentrations
in surface runoff van be wery high when
runoff events occur shortly after application
(Fawcert et al. 1994; Shipitalo et al., 1997;
Hansen et al., 2001). Herbicide concentra-
tion in the top soil profile from a 35 ha
(87 ac) field showed an exponential decay
relationship berween atrazine concentration
and days after application (Ghidey et al.
1997); however. the rclagonship was not
reported in the paper. An exponential
decline in soil concentration suggests that the
amount of atrazine available for transport in
runoff likely declines at a similar rate. Most
previous studies relate herbicide concenera-
tion in surface runoff to time clapsed after
application (Triplett et al, 1978 Gavnor et
al., 1995: Shipiwalo et al., 1997).

Soils that naturally have a significant runoff
component because of low permeability
and/er steep slope arc especially susceptible
to soil and herbicide losses with runofl, such
as the claypan soils of the US Midwest
(MLRA 113) {USDA Soil Survey, 1992).
Within this region, Ghidey and Alberts
(1998) reported long-term effects of cropping
systerns on surface runofl and sofl loss. No-
dll significantly increased surface runoff and
substantially reduced soil loss when compared
to conventional and chisel tillage systems,
Lerch and Blanchard (2003) reported that
runoff potential of soils was a critical factor in
determining watershed vilnerability to her-
bicide transport. However, little documenta-
ton Is available on the impact of cropping
and management on herbicide transport from
these soils.

The Missouri Munagement  Systems
Evaluation Areas project was initiated m 1991
to develop environmentally sound, ¢conomi-
cally profitable, and socially accepiable crop-
ping systerns and rechnologies for claypan and
claypan-like soils (Ward er al., 1994). This
project evolved into the Agricultural Swvstems
for Environmental Quality project in 1996,
As part of Missourls Management Systems
Evaluation Areas and Agricultural Systemns for
Environmental Quality projects, plot-scale
studies were wsed to evaluate the effects of
cropping systems on vield, crop N uptake, and
transport of agrichemicals to surface water.

The objectives of the Investigation reported
here were: 1) to cvaluate the cffects of corn
herbicide applicadon methods and rates and
application timing on surface water qualicy, and
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were collected are presented in Table 1.
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Location ofthe research plots. The correspondence of plats and years during which samples

Research plots

]
[23(Cs1)
[22 cs1)
21 (CS2)
20 (CS5)
19 (CS1)

Ik A
18 {CS2)

16 (CS5)

Goodwater
Creek
watershed

2} to develop cquations o calculate herbicide
concentrations in surface runoft as a functon
of applicaton rate, runoff volume, days afwr
application, and herbicide placement.

Methods and Materials

Study area. The study was located mn the
Goodwarer Creck watershed, a 7250 ha
(17908 ac) agricultural arca 1o the clayvpan soil

11 {Cs1)

8 (CSE)

Lat: 397 13" 385" N
Long: 92° 7" 10.7" W
Elev. 264.5 m (870 ft)

e

region of north-central Missouri (Figure 1).
Predominant soils are Vertle Epiaqualfs, Vertic
Albagualfs, and Vertic Epiaqualfs of the
Mexico, Adco, and Leonard serics, respectively
(http:/ /soils.usda.gov/technical/ classifica-
tion/). The mapping units in chis specific
study belong to the Mexico clavpan soils,
which are considered poorly drained because
of a naturally occurring argillic claypan hori-
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Table 1. Tillage and herbicide management plots planted to com.

Cropping Planting Rate Method of Date of
Year system date Hethicide® kg hat application application
1997 cs51 05-13 Atrazine 2.24 Broadeast, incorporated 0513
{19,22v* Metolachlor 1.12 Broadcast, incorporated 0513
£s2 0512 Atrazine 2.24 Brpadeast, not incorporated 0512
{13.24) Meteolachlor 1.12 Broadcast, not incorporated 06-12
Cs5 05-18 Atrazine 1.12 Broadcast, not incorporated 0501
(8.16) Atrazine 0.08 Brpadeast, not incorporated 0813
1888 cs1 0521 Atrazine 2.24 Broadcast, incorporated 0521
(11.23) Metolachlor 1.42 Broadcast, incorporated 05-21
cs2 05-21 Atrazine 2.24 Broadcast, not incorporated 0521
(18,21} Metolachlor 1.42 Broadcast, not incorporated 0521
C55 0521 Atrazine 0.85 Broadeast, not incorporated 0625
{20,25)
199% CS51 0603 Atrazine 2.24 Broadcast, incorporated 0603
(19,22} Metotachlor 1.42 Broadcast, incorporated 06-03
cs2 0603 Atrazine 2.24 Broadcast, not incorporated 06-03
{13,24) Metolachlor 1.42 Broadcast, not incorporated 0603
£S5 08-03 Atrazine 2.24 Broadcast, not incorporated 0603
{12.27) Metolachlar 1147 Broadcast, not incerporated 0603
Atrazine 0.85 Broadeast, not incorporated 0625
2000 €81 05-16 Atrazine 2.24 Broadcast, incorporated 0516
{11,23) Metolachlor 1.42 Broadeast, incorporated 0518
£s82 05-18 Atrazine 2.24 Broadcast, not incorporated 0516
{18,21) Metolachlor 1.42 Broadcast, nat incorporated 05-16
Ccs5 0515 Atrazine 1.12 Broadcast, not incorporated 0608
{8.16) Metolachlar 071 Broadcast, not incorporated 0608
2001 Cs1 05186 Atrazine 2.24 Broadcast, incorporated 05-16
(18.22) Metolachlor 1.87 Broadcast, incorporated 0518
Ccs2 05-18 Atrazine 2.24 Broadcast, not incorporated 05-18
(13.24) Metolachlor 1.87 Broadcast, not incorporated 0518
C85 0517 Atrazine 0.58 Broadcast, not incorporated 0613
{20,25) Metolachlor .85 Broadcast, not incorporated 0613
2002 cs1 0531 Atrazing 2.24 Broadcast, incorporated 05-31
(11,23} Metgalachlor 1.87 Broadcast, incarporated 0531
cs2 05-31 Atrazine 2.24 Broadcast, not incorporated 0531
(18,21} Metoiachlor 1.87 Broadcast, not incorporated 0531
cs5 05-31 Atrazine 0.85 Broadcast, hot incorporated 0g-17
{12,27) Metolachlor 0.85 Broadcast, not incorparated 0531
t Other herblcides (pre-plant, at planting, or post plant) may have also been used to control weeds, but are not reported here because they
were not part of the water quality monitoring.
¥ Numbers in parenthesis are plot numbers.

-

zon located 15 10 45 om (6 w 18 i) below
the surface. The clay content of the argillic
horizon is generally greater than 5() percent
and the clays are primuarily smectites.
Cropping and management systesms. In
on-going long-term research (1991 to pres-
ent}, six cropping systems have been evaluated
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on thirty (1374 ha (092 ac) plots [I18 m
{65 ft) wide by 189 m (620 i) long], in 2 ran-
donmmzed complete block design with three
replications. Plor slopes range from 1o 2
percent. In spring 1991 when plots were laid
out, berms [1 ft (0.3 m) high x 5 ft (1.5 m)

wide] running down slope were created

-]

along the plor lengeh to ensure no cross-plot
contamination ol surface runoff. In fall 1991,
wenches were dug along the wp of these
berms and were lined with plastic to prevent
subsurface flow berween plots.

Due to limitations related to topography of
the experimental area, only two replications



of these cropping systems could be instru-
mented o measure the guantity and quality
of surface runeff. Cropping System 1 (CS1)
was a mulch tllage corn-sovbean rotation
systern. Mulch tillage consisted of fall chisel
plowing and field cultivation both betore and
after herbicide application for scedbed prepa-
ration and herbicide incorporadon. Cropping
System 2 ((252) was a no-ull cornsoybean
rotaton systenl. Cropping System 5 {CS3)
was a no-till corn-soybean-wheat rotation
system. The weed management systern for
the (285 system was adaptive, meaning scout-
ing of weed specivs and invensity dictated
herbicide type, rate, and dming. The result of
this was a varied herbicide application from
vear to vear. In 1997 and 1999, this adaptive
systern resulted in splic herbicide applications.
In the lonp—term experiment, each cropping
phase of a cropping svstem was represented
within each block. However, for this study,
surface runoff was measured and runoff
samiples were collected only from plots that
were planted to corn. Tillage and herbicide
management for €81, CS2, and €85 when
planted to corn are presented in Table 1.
Crop rotation prevented samples being
collected from che same plots every vear
{see Table 1 for plot numbers by year and
cropping systemy),

Instrumentation. In 1996, the outlets of
the plots were instrumented with Parshall
flumes and automatic samplers to measure
runoff volume and collect runoff samples for
chemical analysis. The flumes were ASTM-
standard  Parshall flumes {Culverts &
Industrial Supply Co., Mills, Wyoming ), with
notminal 1.1524 m (6 in) throats, and were
installed according to manufacturers specifi-
cations. These were left in place for the six-
vear duration of the experiment. requiring a
total of 14 flumes for the three cropping sys-
temms. The lower end of the plots requited a
collector wall or wing wall to route runoff
through the flume. These wing walls were
installed after planting cach year. In 1997,
this wall was constructed of removable inter-
locking concrete sections with a 0,153 m (3.9
in) blade extending into the soil beneath
themy (four plots), and straw bales anchored
with metal rods into the soil {two plots.
Plastic sheeting lined the upper face of both
wing wall types. During the years 1998-
2002, this wall was comprised of sheet nictal
sections [1.5 fi high x 29 ft wide [{0.46 m
high x 8.8 m wide], 2 per side] screwed to a
board bolted to the top of a 1.9 m {36 in}

concrete wall installed below grade, with all
seams caulked.

A stiling well was installed external 1o the
flumne on the side wall, with ports penetrating
the flume wall and the wall of the stilling
well. The well extended 6.7 cn (2.63 in)
below the floor of the flume, to keep the
pressure sensor {Hach Company, Loveland,
Colorado] submerged The full-scale range
of the semsor was 1.8 m {6 1), with stated
accuracy of 0.2 percent. Breause the sensor
was being applicd at the extreme low end of
the range during low-flow events, therma)
errors and sensor drift were not negligible.
Sensot drift was corrected by exrendinyg the
baseline of the head measurcinent at the end
of the cvent back to the beghming of thy
event o obtain a corrected head, which was
then wsed to compute flow

The manufacturer provided the standard
calibration equation for the nominal flume size,
However, the width of the flumes was deter-
mined to be 6 num (0,236 m) larger than the
manutacturers stated width; thus, the cquadon
used to compute flow was adjusted according-
v {Allen Hjelmfele personal communication,
1996) to give the following cquation.

() — 0.3936x H o)
where,

Q = discharge in m* 5°
H = head above the crest of the flume im meters

1

Automated  samplers (Sigma YOOMAX,
Hach Company, Lovelind, Colorado) with
the presure transducer mentioned above
were installed annually right after planting,
The study was designed to be able to sample
up to a 5.08 em (2 in) runefl event. Each
sampler had cight botdes, and cach bottle col-
lected up to 6.35 mm (0.25 in} of runoff. To
capture small events, up to mne subsanples
were collected into cach botde, each repre-
senang 0.0706 mm (0.0278 in} of runoff.
The samples were transported under refriger-
ation back to the liboratory As previcusly
indicated, only runoff events that occurred
from the date of herbicide application to grain
harvest were collected for this study.

To measure climatic varizbles, a weather
staton was located adjacent to the plog,
meluding  rainfall in a2 gauge {Belfort
Instrument Company, Baltimore, Maryland)
modified with a Joad cell and data logger.
Rainfall was directed through a 20 cm (7.9 in)
diameter collecting ring and funnel 10 a

bucket resting on the surface of the load cell
that was connected to the data logger for
recording rainfall volumes every two minutes.

Herbicide has been known to be deposited
with rainfall (Harfield et al., 1996}, To meas-
ure herbicide concentrations, rainfall was
sampled with a wet/dry precipitation sampler
(Model 301, Aerochem Metrics, Inc.
Bushnell, Florida). Ths sampler has a sensor
pad that opened the cover to expose the
collection container. The sensor pad was also
heated to dry the sensor quickly after a rin-
fall cvent to close the cover. Precipitation
samples were usually collected and transported
under refrigeration to the laboratory within
24 hour of an event. Dry deposition was not
amlyzed for herbicides,

Runoff and herbicide data are reported in
this paper on an event basis. There were
instances where rainfall events separated by a
non rainfall period of a few hours that pro-
duced hydrographs with multiple peaks. If
the hydrograph from the first event fell off or
recessed to zcro, then multple runoff cvents
were considered to occur. Runeff from nwl-
tiple events was combined if one of the events
had an insufficient discharge rate to activate
the pumping sampler, if only one herbicide
concentration data was measured for both
events, or if only onc of three cropping
systems had multiple events.

Herlricide analysis and load computation.
As described previously, cropped area of the
plots were separated by non-cropped 1.52-m
(5-ft) wide berms. The drainage area of each
plot, including the cropped and non cropped
arca, was (L3744 ha (0.925 ac). Herbicides
were not applied to the berms, thus the treated
area of each plot was 0.3456 ha (0.854 ac).
As runoff occurred, herbicides were trans-
ported from the treated arca and diluted by
runoff’ from the berm arca. Concentrations
reported in thiv manuscript were those meas-
ured in the laboratory, and are 8.3 percemt
lower than those expected if the drainage and
treated areas were the same.

Samples were refrigerated until processing.
Al samples were filtered through (.45 um
uylon filters and amalyzed for atrazine and
metolachlor using enzyme-linked immuno
sorbent assay (ELISA) (Strategic Diagnostcs
Inc. (S0, Warminster, Pennsylvania). Limits
of derection were (.05 ug L' for both herbi-
cides. Runoff samples from the first two
events were diluted as needed to insure that
concentrations fell within the linear range

((L05 - 5 pg L) of the ELISA kits.
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For cach event, individual sample concen-
trations were multiplied by corresponding
runoff volumes to calculare herbicide load:

L= CxQ )

where,
L, = herbicide load for the sampling
period t {ug)
herbicide concentration in the run-
off for sampling period t (ug L)
Q. = the volume of runoff measured
during the sampling period t {L).

C =

Q. and L, were then integraced to caleulate
event total runoff and herbicide load.
Runoff depths for each event were calculared
by dividing the rtunoff volume by the
drainage area (0.3744 ha), while herbicide
Tosses (g ha™') were calculated by dividing the
computed load by the treated area (03456
ha}, Event based herbicide concentrations
representative of the treated area could have
been computed using runofl and herbicide
losses assuming that runoff from the treated
and drinage areas were the same. Howcever,
this approach was not chosen because we
wanted to use measured data In preparing
tables and figures, recognizing thar herbicide
CONCentrations were CONservative,

Event-based statistical analysis. As previ-
ously mentioned, CS1 was in a mulch tllage
system where herbicides were surface applied
and incorporated, and CS2 was in a no-ull
systern where herbicides were surface applied
and not incorporated. Dates and mtes of
application for both CS1 and CS2 were the
samge, thus individual events could be com-
pared. Data measured from €83 was not
included In this analysis because CS5 had
different herbicide application rates and dates
than did CS1 and C$2. For individual
cvents, tunoff and concentration data meas-
ured from CS1 and C82 during 1997 to 2002
(excluding 2001) were used to evaluate the
effect of tillage and incorporation on herbi-
cide loss to surface runoff. Stagstical analysis
(GLM) with a complete randomized block
design was used in this analysis (SAS, 2001),
The block by cropping system interaction
was used as the error term, with one degree
of freedom. As mentioned before, the study
had only two replications. Lirnitations inher-
ent to the experimental design {including the
size and physical layout of plots) resulted in a
high degree of variability, especially associated

with measurement of runeff volume, These
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limitations alse resulted in high critical values
of t. Thercfore, results for runoff, concentra-
ton, and loss are reported acconipanied by p
values. This allows cthe reader to judge the
stgnificance of the results,

Seasonal statistical analysis, Throughout
the study period, about 10 percent of the
runoft events could not be measured for
several reasons, including scouring under the
flume causing bypass flow, crop residue
clogging che flume, and oceasional sampler
malfunction. However, to compute seasonal
ditferences in measured runoff and herbicide
loss, these missing values must be estmated.
Linear regression rclatonships for runoff
values and atrazine and metolachlor concen-
trations were developed between blocks. As
previously mentioued, due to crop rotation,
samples were not taken from the same plots
every year. For instance, CS1 samples were
collected from plots 19 and 22 in 1997, 1999,
and 2001; and from plos 11 and 23 in the
other years. Thus, missing values for plot 22
were estimated from measured values from
plot 19, and vice versa. For each of'the three
cropping systems, the corrdarion of runoff
between the blocks was quite high, with
values greater than 0.90. Correlation of
herbicide concentrations was also high, with
r* values greater than .83,

Statlstical analysis (GLM) was also used o
evaluate the effects of the three cropping
systerms (CS1, C82, and S5} on seasonal
runoff and herbicide losses. Although CS2
and C85 were bhoth in « no-dll tilage system
where herbicides were surface applied and
not incorporated, CS3 had splic herbicide
application in 1997 and 1999. Also, through-
out the study period, herbicide amount
applicd to (C85 was often different than thar
applied to (S2. Seasonal herbicide losses
from C82 and CS5 were stanstcally analyzed
to evaluate the effects of split herbicide appli-
catlon and rate of application on herbicide
losses to surface runoff. This analysis, being
2 three-way comparison, was done using
an F-protected LSI? mean comparison at (0 =
0.10. Individual two-way comparisons are
reported in rhe text along with ctheir p-values.

Modeling herbicide cancentration. Most of
the studies related to herbicide transport
in surface runoff are conducted at 2 plot or
field scale. Conducting experiments at a
watershed scale to evaluate the effects of all
the aforementoned factors on herbicide
transport would be difficult, expensive, and
time-comsuming, A model that accounts for

these factors would be more likely to be
transferable o other sewdngs, management
practices, and weather patterns,

Herbicide concentration in surface runoff
has been cxpressed by an exponential equa-
tion as follows:

[Cl=[¢;, Jae xe (3)

where,
[C] = computed hesbicide concentration
[Ca] = the initial concentration, and t is
days after herbicide application.

However, as discussed previously, rate of
application and runoff volume are both
important factors that influence herbicide
concentration and loss in surface runoff.
Therefore, the cxponental model was
modified to account for these parametcrs as
follows:

RY s
[C]_ax _Q It tex s (4)

where,
|€] = Computed atrazine or metolachlor
concentration (ug L)
R = Herbicide application rates (g ha™*)
Q= Runoff measured for the evens (L ha™”)
t =  Time after herbicide application, days
a, & = Cocfficients

This equarion has several advantages. For
instance, 1t can be rearranged 10 compute
herbicide loss in ug hals

Logs —[ClQ=aR kX {3}

Further, it can also be rearranged to com-
pute percent of herbicide applied transported
in surface runoff

[C1Q »
% applied = 1002 _Igl = 100 xa ek*‘ (6]

The Non-Linear procedure of SAS (Proc
INLIN]) was used to estitnate the coefficients 4
and k for CS1 and CS2.

Dotential errors in primary measurements.
Potential errors are unavoidable with field
studies of this type. The Intent of this section
1s to discuss these potential errors and analyze
how they propagate through the calculation



of runeoff volume and herbicide load
{Equations 1 and 2). Furthermore, because
our cxperimental design was limited to two
replications, additional informaton regarding
the confidence and accuracy of our primary
measurcments was warranted.

For this study, most of the errors due to
physical design, including leaks in the wing
walls, flume clogging by crop residue, and
run-on to the plots, were cither detectable,
in which case the data were removed, or con-
sidered megligible. Thercfore, this section
focuses on the two potential soutces of meas-
urement crror: runoff volume and herbicide
concentrationn analysis, Uncertainty analysis
(Holman, 1978) was performed to evaluate
these errors.

Runoff measurements and calculations
were subject to instrumental errors including,
head measuremeryt by the pressure rransducer
and inaccuracy of the Parshall flume head-
flow mte relationship (Equation 1). Based on
the manufacturers specificadons, the estimat-
ed maxinmum error associated with the head
measurement was = 2.0 mm .08 in). The
manufacturers specification for  Parshall
flumes indicated that the flumes were accu -
rate to within = 3.0 mm (0.12 in}. Using
these errors for the head messurements over
the range of 37 to 366 mm ({112 to 1.2 fi),
uncertainty analysis of Equation (1} vielded
relative crrors in the range of 3.3 o 8.3 per-
cen for the computed runoff volume. Since
high volume runoff events also correspond to
high head measurements, the crror assoclated
with the nmjority of the seasonal runoff
would be at the low end of this range.

Herbicide analyses in the labontory were
accurate to within + 0.05 and = {15 pg T
for undiluted and diluted concentrations,
respectively, for both awazine and meto-
lachlor, as determined by repeated measure-
ments of analyte standards  (Strategic
Diagnostics [ne., Warminster, Pennsylvania).
Errors associated with sample dilution were
no greater than = 0.01 mL. For the meto-
lachlor kit, there were 110 cross-reacting com-
pounds  present in the runoff water
However, the atrazine kits did have significapt
cross-reactivity with the atrazine metabolite,
deethyvlatrazine (DEA) [2-chloro-4-amino-6-
isopropylamine -s-triazine], the major atrazine
metabolite in surface runoff (Thurman et al.,
1994). Cross-reactivity errors for atrazine
ranged from £0.56 ug L-'at about 40 days
after application to +2.75 pg L-'at applica-
don. Uncertaingy analysis of the atrazine

I Tahle 2.

Annual and seasonal precipitation measured from 1997 to 2002.

Annual Seasonal {May-Sept)

‘ precipitation precipitation
~ Year (mm} {mm)

‘ 1997 241 414
1998 1158 625

| 1999 824 288
2000 926 602

‘ 2001 1029 504
2002 860 440
Mean g58 479

‘ Long-term mean 944 200

{1870 10 2003)

measurctiients for 400 days after application,
when relative cross—reactivity would be
sigmificant, showed that the reladve measure-
ment errors at this point in the growing
season were slightly lower than for events
withinn seven days after application. Using
the above stated errors for runoff volume and
herbicide concentrations, the uncertainty
analysis of Equation (2} can be performed,

For ¢cxample, using a 12.3-mm (481} runoff

event fourteen davs afier applicacdon for which
the reported atrazine concentration was 224 pg
L' and the reported metolachlor concentration
was 254 pg L, the estimated error in the load
for both herbicides was 10.7 percent (= 1.1 g
for atmzine and 2 1.2 ¢ for metolichlor).

Results and Discussion

Precipitation. Annual and seasonal precipita-
tion from the study arca is given in Table 2.
During the six s¢asons, from 36 to 65 percent
of the annual rainfall occurred during the
growing sepson compared to the long term
{34 vear) average of 33 percent. Seasonal pre-
cipitation was above the long-term average in
1998 and 2000 and below the long term
average in 1997, 1999, and 2002, Rainfall
that occurred during the 1997, 1999, and
2002 growing seasons resulted In very few
runoff events.

Rainfill samples were collected from 1997
to 2002 to measure herbivide concentrations
in precipitadon. Atrazine and metolachlor
concentratons in precipitation were extrenie-
lv low {< 0.1 pg L") and represented only
.22 percent of atrazine and 0.77 percent of
mwtolachlor measured in surface runoff in chis
study. Therefore, herbicide contribudon for
rainfall was considered negligible.,

Event-based runcff. Surface runoff meas-
ured for the events that occurred from 1997-
2002 are shown in Table 3 und 4. The 2001
dara was not included because, due to corn
stand failure and replamting, runeft was not

.

measured from the plots under (082 unul
36 days after che chemical application date
In 1997, four small runoff events were moeas-
ured, and for cach of the events runcff from
CS2 was more than three times thar from
CS$1. For events measured in 1998 1o 2002
there was little difference in surface runoff
between CS1 and CS2.

Seasonal rungff. Scasonal runoff measured
from CS1, €S2, and CS5 is given in Table 3.
In 1997, total runoff measured from CS2 and
55 was 3.7 dmes (p = 0.05) and 2.2 times
{(p = 0.16). respectively, greater than that from
CS1. In 1998, runoft from €85 was 76 per-
cent (p = 0.02) and 33 percent (p = 0.02)
higher than CS1 and (82, respectively
In 2002, runoff from 81 was 74 percent
(p = 0.06} and 107 percent {p = 0.04) higher
than (252 and 85, respectively. In 1999 and
2000, runoff values from €81, CS82, and CS3
were not different {p<0.10}, and because of
replanting of CS2 in 2001, these differences
could not be compared. Averaged over the
years (excluding 20013, C82 and CS5 had
13 percent {p — 0.20) and 19 percent (p =
(.11}, respectvely, greater runoff than CS1.

In a no-till system, residues are expected to
both increase infiltmtion and prevent the
developinent of surface erusting, which con-
seguently should decrease runoff. However,
previous long-term srudies had shown that in
a claypan soil, no-tlll increased mean annual
runoff by 14 percent compared to conven-
tonal tllage systems (Ghidey and Alberts,
1998). This difference was attributed to
mulch tllage breaking a sealed soil surface,
increasing nucro-relief, and drying the soil
more quickly, all of which result in increased
infiltration and reduced surface runoff. The
values in the present swudy are comparable to
the catlier study, which had more years and
was significant at o = 0.05, In this study,
runoff from the two no-till systems was either
higher or not different than runoff from the
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Table 3. Runoff, atrazine, and metolachlor measured from CS1 and €S2 for the events that cccurred in 1997 to 2002,
Atrazine Metolachlor
Runoff, mm pg Lt g ha® pgl? ghat

: Date DAA  Rainfall(mm)  €S1 Cs2 €51 Cs2 cs1 cs2 cs1 C52 cs1 cs2
05-27-1947 14 13.5 3.2t 123 407.8* 22410019 138 29.8 3495  253.8(0.21) 11.8 344
03-30-1897 17 11.4 2.3 7.4 3528 231.20.22) 8.7 17.3 3352 288.8;0.27) 83 225
06-22-1997 40 39.4 5.1 16.6(0.09) 28.0 26.4 1.5 4.7 34.9 17.5 1.9 31
06-22-1997 40 7.9 1.3 7.6(0.09) 28.1 415 0.4 3.3 35.2 1.1 0.5 2.2
06-08-1998 18 0.6 4.8 8.310.20) 67.5 286.00.20) 3z 28.8(0.28; 528  109.0(0.32) 31 11.2(0.33
06-14-1998 23 34.3 7.2 108{0.18) 284 70.6 10.03) 14 8.50.14) 158.2 . 12 —
06-22-1598 32 7.1 8.6 9.8(0.37 28 23.00017; 0.4 2.5 (0.26) 71 15.5{0.12) 0.7 1.440.23)
06-26-14998 34 80.8 9.0 124042 2.2 4.1 0.2 0.6 2.6 4.2 0.2 0.5
07-04-1598 44 48.8 164 199 1.8 58012 0.3 1.2 3z 37070 0.8 0.8
07-07-1998 47 11.7 0.8 0.8(0.89) 2.0 4.0(0.33 0.0 0.0 2.9 2.7{0.93 0.0 0.0 (087}
07-30-1998 70 44.7 3.0 2.7 (0.55) 0.3 1.1 {0.03 0.0 0.010.33) 1.7 1.5 (0.80; 0.1 0.0(0.93)
08-231999 20 50.8 16.0  15.2(0.58) 33.3 48.1(0.34) 6.1 8.0{0.50; 334 32.7 (0.98) 5.8 5.5(0.92)
08-30-1999 27 B87 425 425 15.1 26.4 7.0 12.0 23.0 15.3 10.6 7.0
05-26-2000 10 41.9 101 B3(0.11y 1800 45581006, 2.0 80.2(0.28) 1031  181.0{0.37 12,8  16.3{0.41)
06-11-2000 26 35.3 11.7 8.0 22.0 185.2 2.7 £34 14.0 52.4 1.7 4.5
06142000 29 13.7 B.2 360027 244 101.8(0.05! 18 4.010.28) 23.0 29.1(0.20 1.5 1.2(0.59;
06-14-2000 28 7.8 3.9 4.210.84) 28.8 99.010.03) 1.2 4.6 {0.30) 36.4 34.5(0.93) 1.5 1.710.81)
06-20-2000 35 211 7.7 6.7 {0.56) 135 35.3(0.02) 1.1 2.6(0.21) 8.5 18.3(0.09) 0.8 1.4(0.35)
08-20-2000 33 183 126 1411055 121 35.4 [0.05) 1.8 5.4 (017 128 19.8 (0.05) 1.7 3.010.16)
06-25-2000 40 21.3 8.0 8.4(0.94) 4.2 10.0 {0.25) 0.4 1.010.39) 59 £8.310.88) 0.6 0.70.82)
0702-2000 47 181 2.4 1.2{0.33 41 11.5{0.11) 0.2 0.1 (0.77) 7.2 5.7{0.38) 0.2 0.110.30)
0807-2000 83 54.4 5.6 81077 3rs 5.6 {0.07) 23 0.4 (0,10 0.8 18{0.370 01 0.1{0.39)
0823-2G00 frie] 53.3 290  33.51(0.67 0.6 10032 0.2 0.4 (0.09) 0.5 0.50.63 2.2 0.2
0824-2000 100 81.3 689  691(0.99 0g 1007 08 0.7 083 0.6 0.610.93) 0.4 0.5 (0.30;
0517-2001 Z 297 56 — 120.7 —_ 7.4 _— 106.7 _— [N ——
05-20-2001 5 135 83 — 358.0 - — 24.4 _— 360.3 244 —
05-30-2001 14 45.2 263 — 1187 — 33.7 — 1281 _ 333 —
06012001 16 6.9 28— BE.2 _— 2B —_— 51.2  — 14 —
06032001 18 8.8 26— 43.0 —_— 1. —_— 343 e 10 —
06-04-2001 19 37 B — 28.4  — 12.4 — 398.7 _— 159 —
06-06-2001 21 46.0 414 — 14.4 8.5 — 20.7 _— 93 —
08-14-2001 28 27.9 88 — 5.2 —_ 0.3 — 8.2 —_— 21 —
08-14-2001 29 59 0.7 — 0.6 — 0.1 — 38.8 _ 63 —
06-21-2001 36 18.0 83 9.0 20 34 0.2 0.4 228 1.6 240 01
07032001 48 40.6 15.2 8.9 8.0 12.2 w4 1.2 16.9 0.0 28 0.0
0823-2001 100 32.3 7.9 2.8 0.2 0.1 0.0 0.0 0.7 0.0 0.2 0.0
06-12-2002 12 41.8 8.7 3.0 B10.0  BOL4 (0.1B) 477 43.6 854 §2.20.81) 8.0 48
* In 1997, herbicides were applied to CS2 one day earlier than to 81, thus DAA for CS2 are 1 day more than those given in the table,
' Statistical analysls was not performed for the events when regression equations were used to estimate missing data.
¥ Numbers in parenthesis are P-values.
. Data could not be estimated because neither block was sampled

mulch tillage systen1. Apparentddy, in these
soils, significant development of preferential
flow paths does not occur under no-tll
Despite expecred reductions in soil loss, these
no-tll systems did not reduce runoff volume
from claypan soils,

Event-based herbicide concentrations.
Flow-weighted herbicide concentrations for
the events that cccurred during the study
period (1997 to 2002) are shown in Tables 3
and 4 and Figure 2. Measured atrazine and
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metolachlor concentrations in runoff were
extremely high (up to 835 ug L' for atmazine
and 349 pg L7 for metolachlor) in the first
runoft’ events after application, particularly
when runoff occurred within three wecks
after application. Concentrations declined
rapidly over the first 30 days following appli-
cation and were near zero by 60 o 70 days
after application. The only exceptions were
the atrazine concentration from both samples
measured from CS81 for the event thar

occurred 83 days after application in 2000.
Atrazine concentration for this event was
375 pg LY, which was almost nine times
higher than the concentrations measured 40
days earlier. We have no cxplanadon for this
anomalous concentration. Except for this
event, atrazille concentrations in runoff were
below the current maximuom contarmninang
level (MCL) for drinking water (3 pg L' for
atrazine) in the samples collected eight weeks
ar tnore after application.



. Table 4. Atrazine and metolachlor concentrations and loads measured in runoff from CS5.

Atrazine Metolachler

Date DAA Runoff, mm ug L2 g hat pg Lt g ha'
05-27-1997 26 5.7 123.9 7.8 —% _—
05-30-1897 28 5.0 123.2 6.7  — E——
06-22-1997 10° 11.9 3986.3 51.5 E— —_—
06-22-1997 10 5.0 381.0 18.5 _—
086291998 4 23.8 120.9 30.3
07-04-1998 g 24.0 140.9 36.4  — _
07-07-1998 12 0.4 113.7 0.5 E—
07-30-1998 35 6.7 12.8 1.0 _—
06231999 20 18.4 46.2 9.3 15.9 3.2
08-30-1998 5* 431 43.4 20.2 12.8 59
06-11-2000 3 3.5 375.0 14.4 85.7 3.8

| 06142000 6 10.2 281.2 31.4 50.5 5.4
06-16-2000 8 2.1 257.8 5.7 41,0 0.9
06-20-2000 12 8.4 1293 11.9 16.0 1.4
06-20-2000 12 156 108.1 18.7 11.2 2.0 '
06-25-2000 17 11.7 58.0 74 5.0 0.6
07-02-2000 24 1.7 30.7 0.6 5.2 0.1
07-30-2000 52 0.1 68.2 0.1 18.2 0.0
08-07-2000 61 3.8 147 0.7 3.0 0.1
08-23-2000 76 309 2.9 1.0 05 0.2
08-24-2000 77 82.0 1.8 1.5 0.4 0.3
06-14-2001 1 4.2 546.2 24.4 488.1 20.2
06-14-2001 1 2.8 446.1 13.6 3310 10.1
06-21-2001 g 11.8 113.8 148 335 4.4
07032001 20 12.0 75.0 10.0 300 4.1
07-232001 91 2.2 1.3 0.0 0.8 0.0
10-05-2001 114 376 1.0 0.4 1.3 0.5
6-12-2002 127 4.2 - —— 24.3 1.1

* Days after second herbicide application.
t Metolachlor was not applied to C$5 in 1997 and 1998,
** N¢ runoff event occurred after atrazine was applied to CS5. .

“** This is days after application for metolachior only.

Atrazine and metolachlor concentrations
in runoff from CS2 were higher than {rom
CS1, exeepr for the 1997 evemts. For the
first event in 1997, atrazine and metolachlor
concentrations from CS1 were 82 percent
fp = 0.19) and 52 percent {p — 0.21) higher

than from (52, For the second event,
atrazine and metolachlor concentrations
from CS1 were 38 percent (p — 0.22) and
16 percent (p = .27) higher than from CS2
(Table 3). For these events, runoff from (CS2
was more than three dmes that from €81,

Interpretatton of these values is not expected
to be affected by the one day difference in
herbicide applicadon date berween CS1 and
S22, If anything, it makes the CS2 loss a
conscrvatve estitnate, In 1998, unoff from
CS2 for the first three events was 102 percent

Table 5. Seasonal runoff, atrazine, and metolachior losses measured from €51, C52, and CS5.

Runoff, mm Atrazine, g hal Metolachior, g ha
Year cSs1 cs2 Cs5 Cs51 cs52 CS5 cs1 Ccs2 CS5
1987 11.80° 43.3a 27.6b 24.4h 55.1b 85.3a 22.5b 81.9a —_—
1998 49.6¢ 65.6b 87.5a 5.6h 42.6a G8.7a 5.8a i4.7a —_—
1929 58.5a 57.6a 61.0a 13.1b 20.2b 29.5a 16.4a 12.5h 9.2b
2000 169.9a 164 5a 170.0a 33.8b 113.1a 93.0a 22.1a 29.6a 14.8a
2001 184.0 _— 70.6 829.3 E— G4.0 1001 R 41.3
2002 8.7a 5.0b 4.2h 47 . 7a 43.6a E— 8.0a 4.8a 11a
Means® 59.7a 67.3a 70.8a 24.8h 56.0a 55.3a 15.0b 24.7a 8.4

T When an F-test Pr < 0.10, LSD mean separation was performed (¢ = 0.10). Means within rows with different letters were significantly

different.

. No data available for the parameter during the season.

* Mean values do not include data from 2001.
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Figure 2

Atrazine and metolachlor concentrations in runoff as related to days after application.
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{p = 0.20), 51 percent (p = 1.16),and 14 per-
cent {p = 0.37) higher than from (81,
However, atrazine concentrations from CS2
were 323 percent {p = 0.20), 292 percemnt
{p = 0.03),and 505 percent (p = 0.17) greater
than from CS1 for these cvemts. In 2000,
runoff from both cropping systems was simi-
lar; however, atrazine concentrations from
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C52 were higher than from CS1. For six of
10 events, the p-value was less than (.10, For
the others, the p value ranged from (.11 o
0.77 In general, the study showed that her-
bicide concentration could be very high if a
tunoff event occurred soon after application
for any cropping system. Once the temporal
effect was accounted for, the smdy showed

that herbicide incorporation reduced herbi-
cide concentrations in surface runeff.
Event-based herbicide losses, For almost all
the events, atrazine and metolachlor losses
from CS2 were higher than CS1, but p-values
for mast of them were greater than 0.10
(Table 3). For some events, even though her-
bicide losses measured from CS2 were much



higher than the losses from CS1, the p-values
remained high. For instance, atrazine loss for
the first event in 1998 from (S2 was more
than 9 times higher than €81, but the p-value
was 0.27. Similarly, ateazine loss for the firse
event in 2000 from 82 was four times higher
than CS1, but the p-value was (.28, These
high values were caused by the limited repli-
cation {rwo replications) and high degree of
variability assoclated with this experimental
design. However, pooled over years (exclud-
ing 2001), average atrazine loss by event for
C$2 was 9.6 g ha™* (.01 lb ac™) and approx-
tmately three times higher (p = (1.03) than
for CS1. Average metolachlor loss by event
for €S2 was 4.0 g ha™ (0.003 b ac') and
approximately two times higher (p = 0.07)
than for CS1.

In 1997 and 1998, atrazine and meto-
lachlor losses from CS2 were larger than
those from CS1 because of larger runoff
volumes from CS$2. For the runceff measured
in 1999 and 2000 from CS1 and CS2, the
p values were greater than 0,10 However,
atrazine losses from C352 were much larger
than €81, particularly for the first few critical
cvents. This indicates that under similar
hydrologic condition. the greater herbicide
loss to runoff from the no-dll system was
caused by lack of herbicide incorporation.

Seasonal herbicide losses. Herbicide losses
from cropping systems where herbicides were
sutface applied and not incorporated (CS2
and (83} were higher than those from a
cropping system where herbicides were
surface applied and incorporated (CS1)
(Table 5). Averaged over e vears, atrazine
logses from CS2 and €55 were 120 percent
(p = 0WB) and 122 percent (p = (.06),
respectively, higher than those from (CS1
Metolachlor loss to surface runoff from CS2
was 65 percent higher (p = 0.01) than that
from CS1. Atrazine losses to surface runoff
from CS1, €S2, and 85 accounted for 1.6,
2.3,and 5.7 percent of the total applied to the
soit (Table 6). Metolachlor losses from CS1.
€32, and CS83 accounted for 1.8, 2.0, and 2.0
percent of the total applied.

The effect of split herbicide application in
a no-till system (CS2 and CS3} was also eval-
uated. In 1997, runoff from CS5 for the first
two cvents, which occurred 10 days after the
sccond application, was 30) percent lower than
that from CS2. However, the atmzine loss
from CS5 was 71.0 ¢ ha™ (0063 Ib ac™)
compared to 8.0 g hal (0.0071 b acl).
Seasonal atrazine losses from (083 and CS2

Table 6. Percent of atrazine and metolachlor applied transported in surface runoff.

Atrazine, % applied Metolachior, % applied

Year cs1 cs2 CSs cs1 cs2 Css
1997 1.1 2.5 51 2.0 5.5 —t
1998 0.3 1.9 8.1 0.4 1.0 —_—
1999 06 1.0 1.0 1.2 0.9 .8
2000 1.5 5.1 8.3 1.8 21 2.1
2001 4.0 — 11.4 5.4 — 4.9
2002 21 2.0 0.0 0.4 0.3 01
Means 1.6 25 5.7 1.8 2.0 2.0
* Metolachlor was not applied to CS5 in 1997 and 1998.

* In 2001, atrazine and metolachlor concentrations were not measured from €52 until

36 days after herbicide application.

in 1997 were 85.5 and 55.1 g ha * (.08 and
(.03 b ach, respectively, which accounted
for 5.1 and 2.5 percent of atrazine applied in
that year. In 1999, runoff from CS5 for the
event that occurred 5 days afier the second
application was similar to that from CS2.
However, atrazine loss from CS3 was 20.2 g
ha (0.018 Ib ac™™) compared o 12.0 g ha™
(0.011 b ac™) from (S2. Scasonal atrazine
losses from €85 and CS2 in 1999 were 295
and 2002 g ha''(0.026 and 0018 lb ac™) and
accounted for 1.0 percert of that applied in
both cropping systems, which indicates the
larger loss could be explained by the higher
application rate.

The effect of application rate on herbicide
losses to runoff was also evaluated for the two
no-till cropping systems, but different applica-
ton rates m the presence of different timing
limited the inferences thar could be made.
Atrazine applied to €52 was 2.6 and 2.0
times that applied o CS3 in 1998 and 2000,
respectively  {Table 1) For thesc years,
atrazine was applicd to CS2 on the day of
planting, whereas atrazine was applied to
85 at 35 and 24 days afier planting In
1998, 8.1 percent of atrazine applied was
transparted in surface runoff from CS5 com-
pared to 1.9 percent from CS2. Similarly, in
2000, 8.3 percent of atruzine applicd was
transported in surface runoft from CS3 com-
pared to 5.1 percent from €S2, Even though
atrazine applied to €S2 was 2.0 and 2.0 times
that apphied to €83, the tming of the runoff
events caused higher atrazine losses from €85
compared to CS82, particularly in 1998, For
instance, the first two runot events in 1998
from CS2 occurred 18 and 23 days after
application and approximately 20 mm (0.8 1}
of total runoff was measured. For CS5, the
first two events vecurred four and nine days
after application and approximatcly 48 mm
(1.2 in) of total runoff was measurcd. For

these events, total atrazine loss from CS3 was
74 percent higher than CS2. The study
clearly showed that tming of runoff relative
to application date was more critical in herbi-
cide oss than application rate.

Overall, the study showed that incorpora-
don, applicadon rate, runoff volurme, and timing
of runoff event wlative to herbicide application
are important factors that affected the amount
of herbicide transported to surfuce runoff,
Further, for split applications, the interaction
of these facrors, particularly tming, make it
difficult to predict the combined effect.

Modeling herbicide coneentrations in runeff.
The second objective of this work was to
develop a quantitative relationship reladng
herbicide concentration to ranoff volume,
application rate, and days after application.
Previous work has suggested that the factor of
primary importance was time after applica-
tion, as represented by Equation (3). The
data obtained in this cxperiment were used to
examine goodness of fit of that simple model,

Atrazine and metolachlor concentration
data measured from the plots (not the mean
values) were plotred against days affer applica-
tion and the simple exponential decay model
(Equation 3) was fitted to these data (Figure
2). For CS1, the model did not fic well for
either atrazine or metolachior concentradons
(r¥ = 0.43 for atrazine, ¥ = 0.40 for meto-
lachlor). The model underestimated concen-
trations for the events with small runoff and
very high atrazine or metolachlor concentra-
tions. In 1997, two small runoff events (<3.5
mm)} occurred 14 and 17 days after applica-
tion and atrzine and metolachlor concentra-
tions measured from CS1 were very high
(Table 3). The low runoff volumes for these
cvents might have contributed to the high
concerration, which emphasizes the impor-
tance of including a runoff parameter to the
simple model. The mode] also underestimated
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atrazine concentration in CS1 for an event
that occurred 12 days afier application in
2002 where measured runoff and atrazine
concentrations were 8.9 mm and 514 pg L7,
respectively, compared to che estimated
atrazine concentration of 168 pg L. The
correlation of the model for atrazine and
metolachlor from €51 greatly improved
when these outlicrs were excluded (* = (.65
for atrazine and © = (160 for metolachlor).
The correlation of the model was good for
atrazine concentradon from C82 (= 0.94)
and metolachlor concentration from CS3
(rF = (.94} however, the intercept values
(Co) were very high (4717 pg L' for CS2
atrazine, and 915 pg L' for CS5 merolachlor)
indicating strong sensitivity to a few high-
concentration events that occurred soon after
application. Because the model {Equation 3)
is only a factor of ime elapsed after applica-
tion, its use could be limited, partcularly in 2
simation when there is 2 varfation in runoff
volumme and application races.

For the genenlized equarion (Equation 4),
the non-linear procedure of SAS (Proc
INLINY was run to estinate the coefficients
a and k for both atrazine and metolachlor in
each cropping system. In this analysis, runoff
and concentrations data measured from the
individual plots {not the mean values reported
in Tables 3 and 4} were used. Data measured
for the events that occutred after the second
herbicide application day for C85 were not
used in this analysis. The model performed
quite well in determiming the cocfficicnts for
both CS1 and (282, However, Proc NLIN
would not converge to a good relationship
between measured and calculated concentra-
tions for CS5. The model was nat able o
correctly estimate when there were muldple
cvents i one day, especially when the runoff
from the second event was much lower than
the first event. For the events that occurred
on the same day, herbicide concentraton
from the first event was expecied to be much
higher than those from the following events.
Several studies reported that herbicide con-
centration in runoff was highest in those
samples taken soon after runoff inigated and
decreased rapidly {Hall et al., 1983; Pantone et
al., 1992). Because the model includes a
runoff parameter, for events that occur on the
same day, concentration from a small tunoff
event will be much higher than chat from a
large runoff event, particularly if the event
occurs within a few weeks after applicadon.
To avoid this problem (particulardy for CS5),
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Proc NLIN was run again for the runoff
events » 2mm. For (85, this greatly
improved the performance of the model.
The coefficients generated by this procedure
are given in the equations below: For CS81,

the following equations were developed:

. R ~i(1.087 1 1)
Anr) = 0.0232 5} 5 |=¢ ! 7
2~ 0.68

R —i0.0062
[Merol] = 0.0203 x| 7y e "
2 =071
Tor C82, the cquations were:
o ROy —mas12kg
[Ar] = 00939 5 |xe ©
P o= (180
R 06T x £
[Meiol] = 0.01a x| o e T g
r=0.23
For (85, che equations were:
_ R\ —wises«c
[Atr] = (L0383« Qe ' (11)
2 =070
R Y iiowager
[Mem-'f] = (.0239 « (_) X & 02828 x 1 (]2\)
2 =076

where,
[Act] — are calculared atrazine concentra-
tions in p L.
[metal = are caleulated tnetolachlor con-
centratons in pg L7

Accoumting for the addidonal factors of
runoff volume and application rate compli-
cates the presentation of the data. There 15 no
simple presentation of a three-parameter
model such as Equation (4}, However, if

Equation (4) is rearranged as in Equation (6)
to ubtain herbicide loss velative to applicanon
rate, it can be visualized s 2 simple funcrion
of time. Thus, for each ¢ropping system, the
performance of the model was ustrated by
plotting percent of atrazine and metolachlor
applied lost to surface runoff against days after
application {(Figure 3). Equatien (6) has
greatly improved performance for CS1 com-
pared to the simple exponental decay model
{Equation 3). The model performed quite
well in estimating relatve atrazine losses from
CS1 (2 = 0.68), C82 (= 0.80), and CS5
(r* = 0.70). The model also performed well
in describing relative metolachlor losses from
C81 (2 = (.71 and CS3 (r° = 0.76); how-
ever, model performance in describing meto-
lachlor from CS2 was poor (= 0.24).

While the presentadon of relative herbi-
cide loss as a function of dme can be easily
visualized, it doesn’t address the goodness of
fic in the fnuliar terms of concentration.
The way we chose to represent this is to plot
residual errors of the model against measured
concentrations. A residual error is defined as
the difference berween estimated and meas-
ured concentration values. This s not a test
of the model; it is solely a representadon of
the goodness of fit to the concentration data
that was used o develop the cocfficients. A
rigorouns test of this mode using independent
data sers will be the subject of later research.
Plots of residual errors against measured
atrazine and metolachlor concentranons from
CS1, €82, and CS5 are shown in Figure 4.
Although the performance of the model in
estimating atrazine and metolachlor concen-
trations was good (except for metolachlor
from C82), there were a few evenrs with high
measured concentrations where the model, in
most cases, uitderestimated the concentrations
which resulted in large magnitude, but nega-
tive, residual error values. For instance, for an
event that occurred 12 days after application
in 2002 from CS1, measured and ealculated
alrazine concentratons were 514 and 126 pug
L' with a residual of -388 pg L', By consid-
ering flow and herbicide application rate, this
model represents a more generalized model for
estimaning herbicide concentradon that should
be applicable over a wide range of scales,

Summary and Conclusion

Herbicide transport in surface runoff was
measured from three cropping systems located
in the claypan soil region of norch-central
Missouri from 1997 to 2002, Herbicide losses



Figure 3

twice that of others.

Atrazine

Percent of atrazine and metolachlor applied transported in runoff as a function of days after application. Note that the scaie for atrazine in 52 is
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measured from CS2 and C85 (no-till systerns}
were 120 percent {p = 0.08) and 122 percent
{p = 1006}, respectvely, higher than those
measured from CS1 (mulch tillage). Under
similar herbicide application and hydrologic
condidons, atrazine and merolachlor losses
from no-tll were two tintes higher than from
mulch dllage. Split atrazine application in

C55

40 60 80 100 120 140

Days after application

no-tll further increased atrazine loss in sur-
face runeff by creating two vulnerable peri-
ods for surface transport during the critical
loss period. Throughout the study period,
1.6, 2.5, and 5.7 percent of the total atryzine
applied to €81, C82, and CS3, respectively,
was lost to surface runoff. Alse, 1.8, 2.0, and
2.0 percent of the wal metolachlor applied

to CST, CS2, and 85, respectively, was lost to
surface runoff. Herbicide concentrations in
sutface runoff were extremely high for the
runoff events that occurred within a few days
of application. A generalized model for esti-
mating herbicide concentration was devel-
oped based on the exponential decay in
abserved concentration combined with flow
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Figure 4
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and application rate. The utility of this
model will be tested at larger scales from field
case studies in the near future,

This study showed that herbicide losses 1o
surface runoff mainly occurred within a 60-
day period after application and were much
higher when herbicides were not incorporat-
ed. Thus, for runoff-prone sails, such as the
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Central Claypan Arca, no-ull systems create a
particularly  vulnerable setdng for surface
transport of soil-applied herbicides because of
lack of herbicide incorporation. Tillage svs-
temns, such as 1no-tll, thar leave residue an che
soil surface are quite effective management
systems in reducing soil loss, which is the pri-
mary reason for no-till adopton on these

scils. However, a key management challenge
is finding a management practice that both
rarimizes soll erosion and reduces herbicide
loss to surface runoff.



Footnote

‘Mention of trade names or commercial
products in this publication is solely for che
purpose of providing specific information and
does not imply recommendadon or endorse-
ment by the US. Departiment of Agriculture.
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